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Introduction
Solar radiation is the main source of input energy to the terrestrial atmosphere and, as such, it partly determines the Earth's radiative balance and climate. The total input energy is quantified with the Total Solar Irradiance (TSI). TSI varies on different time scales; the two most important cycles are the 11-year solar magnetic activity cycle (also called the Schwabe cycle) and the 27-day cycle (also called the Carrington solar rotational cycle). Changes in TSI over an 11-year solar cycle are typically 0.1% only (about 0.24 W/m²) at the top of Earth's atmosphere which is expected to have a relatively limited influence on climate. However, irradiance changes strongly depend on the considered wavelength region. The amplitude of irradiance changes during an 11-year solar cycle is greater at shorter wavelengths, with variations of 6-8% around 200-205 nm over a solar cycle, and even much greater near the Extreme UV (EUV) domain and Lyman alpha line (121.57 nm). The magnitude of variations in UV during the 27-day cycle is similar to that during the 11-year cycle. The 11-year solar cycle is caused by the variability of solar magnetic activity whereas the rotational cycle is caused by the longitudinally inhomogeneous distribution of magnetic field features (sunspots and faculae) at the surface of the rotating Sun.
Several datasets for the past Spectral Solar Irradiance (SSI, spectrally resolved solar irradiance) and Total Solar Irradiance (TSI) have been produced using different proxy-based reconstruction approaches (e.g. Lean et al. 2005; Krivova et al. 2009 ) and satellite measurements period. There is a consensus on an average TSI value of 1361 ± 0.5 W.m -2 (Kopp and Lean, 2011; Ermolli et al., 2013) . However, there are still very substantial disagreements on the variability and trend in TSI and SSI. For instance, the TSI during the Maunder minimum was estimated to be about 3−4 W/m 2 lower than the present TSI (Lean et al. 1995) whereas more recent reconstructions (Steinhilber et al., 2009; Fröhlich, 2009) derived a TSI change a factor 3 to 4 times smaller.
Regarding SSI, the situation appears to be more confused, notably for solar cycle 23. SSI measurements on the SORCE (Solar Radiation and Climate Experiment) satellite during the declining phase of solar cycle 23 (i.e. 2004 to 2008) show an unexpected behavior with a trend in UV (Harder et al., 2009 ) being found to be several times higher than all recent estimates for the 11-year cycles (e.g., Lean et al., 2005) . More surprisingly, the trends in UV radiation and TSI were found to be opposite to the trend in visible radiation (Harder et al., 2009 ), which is not at all consistent with proxy-based linear extrapolations used in reconstructing past irradiances (Pagaran et al., 2011) . The substantial differences between the SSI datasets available for the declining phase of solar cycle 23 lead to different atmospheric and climate responses when they are used to force climate models (Shapiro et al. 2011) . If SORCE SSI measurements are to be confirmed (Garcia, 2010) , it will dramatically affect our understanding of the ozone and climate sensitivity to solar variations (Merkel et al. 2011; Haigh et al., 2010) . It is worth pointing out that there is a strong possibility that the SORCE SIM instrument has suffered from degradation with time resulting in an overestimation of the UV decline during cycle 23 (Lean, and DeLand, 2012; DeLand and Cebula, 2012; Ermolli et al., 2013) .
It is now acknowledged that the coupling between ozone and UV radiation, and the subsequent propagation of middle atmospheric solar-driven perturbations toward the lower atmosphere may play a very significant role in the overall atmospheric and climate responses to solar variability (Haigh, 2007; Haigh et al., 2010; Gray et al., 2010; Ermolli et al., 2013) .
Therefore, it is important to characterize the response of the stratosphere, notably ozone, to changes in solar spectral irradiance. Indeed, accurate observational characterizations are needed for evaluating chemistry-climate models that attempt to simulate the influence of solar variability on the middle atmosphere. Most observational and modeling studies have focused on the impact of solar ultraviolet irradiance on the tropical middle atmosphere, more particularly on ozone and temperature (Hood, 2004; Fioletov, 2009; Remsberg, 2008; Randel and Wu, 2007; Soukharev and Hood, 2006; Austin et al., 2007; Hood and Soukharev, 2012) .
These studies found a change in the range of 2 to 4% in ozone mixing ratio from solar maximum to solar minimum of an 11-year solar cycle with a maximum change occurring near 40 km.
The purpose of the present study is to analyze the short-term (i.e. rotational timescales) solar forcing of tropical stratospheric ozone during the declining phases of different 11-year solar cycles. The sensitivity of stratospheric ozone to solar variability is a key constraint on models that attempt to simulate the response of the stratosphere to solar variations (Brasseur, 1993; Fleming et al., 1995; Chen et al., 1997) . Studies of ozone variability on rotational timescales may not only improve our understanding of short-term solar-driven ozone variability but can also provide a valuable insight into the mechanisms driving the stratospheric response on longer solar time scales. The focus is on the rotational cycle because satellite time series cover many more rotational cycles than 11-year cycles. Solar UV irradiance and ozone have been monitored from satellite since 1978, which covers only about three 11-year solar cycles.
During the last 3-4 decades, the solar signal was also certainly perturbed by other natural and anthropogenic influences (i.e. volcanic eruptions and increasing greenhouse gases concentrations) which could lead to substantial inaccuracy in the solar signal retrieved from observations and thus possible disagreements with model simulations that only account for solar perturbations. In addition, because of the natural variability of the Earth's atmosphere on inter-annual time scales, it is preferable to consider at least several 11-year cycles before one can safely extract a robust 11-year solar signal. Finally, the estimation of a solar signal in ozone variations on long timescales is more sensitive to long-term instrumental drifts than on shorter time scales. For these reasons, studies of the rotational cycle are expected to provide more statistically significant and robust results than studies of the 11-year solar cycle. Several studies have been carried out to determine the relationship between UV solar flux and stratospheric ozone on rotation timescales. Most analyzed satellite observations over selected parts of a single solar cycle: cycle 21 maximum for Hood (1986) , cycle 22 descending phase for Zhou (1997) and Hood and Zhou (1998) , and cycle 23 descending phase for Ruzmaikin (2007) and Dikty (2010) . Others considered parts of two cycles: from cycle 21 maximum phase to cycle 22 descending phase for Chandra et al. (1994) , maxima and descending phases of cycles 21 and 22 for Zhou et al. (2000) , and from cycle 21 maximum to cycle 23 descending phase for Fioletov (2009) . Chemistry-climate models have also been used to determine the relationship between UV solar flux and tropical stratospheric ozone on solar rotation timescales (Brasseur, 1993; Williams et al., 2001; Rozanov et al., 2006; Austin et al., 2007; Gruzdev et al., 2009; Merkel et al., 2011 The present study is focused on the temporal evolution in the ozone-UV relationship. The objective is to explore possible inter-annual variations in the relationship on rotational timescales and assess to what extent it varies not only within the declining phase of 11-year cycle and also from one 11-year cycle to another. Indeed, the amplitude and coherence of short-term solar UV variations may vary between solar cycles. In addition, the ozone response to UV changes during the descending phase of two different solar cycles may not be identical because the average solar spectrum may have changed, thus preconditioning the atmosphere in different ways. Comparing two solar cycles is partly inspired by studies that analyzed how the response of stratospheric ozone to solar UV variations varied between two relatively similar cycles, cycles 21 and 22 (Chandra et al., 1994; Hood and Zhou, 1998 [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] and cycle 23 (1996-2009 ).
There is a great deal of observational evidence that the solar cycle 23 was rather exceptional with respect to cycles 21 and 22. Cycle 23 decline in the peak and mean of the group sunspot number appears to be the largest since the onset of the Maunder Minimum (Lockwood et al., 2011) and thermospheric densities in 2007-2009 were also the lowest observed in a 43-year database with anomalies starting well before 2006 , the primary cause being anomalously low levels of solar extreme ultraviolet irradiance (Solomon et al., 2010) .
Note that the current debate on the UV decline during the descending phase of cycle 23 (Ermolli et al., 2013) has no relevance here because there is a general agreement on the shortterm rotational variations between SORCE data, reconstructed data (Lean et al., 2005) and concurrent observations (DeLand and Cebula, 2012) .
The solar rotational characteristics (major periodicities, correlation with short term solar variability,…) in the ozone time series are estimated from commonly used filtering and spectral techniques. All the datasets are processed and analyzed exactly with the same algorithms; that way, differences in solar rotational signals between the two cycles cannot be attributed to differences in statistical treatments. The solar variability is characterized with the 205 nm solar flux (Lean et al., 2005; Thuillier et al., 2012) ; this wavelength region is critical for stratospheric ozone photochemistry (Brasseur and Solomon, 2005) .
The plan of the article is the following. Section 2 provides a brief description of data series and methods used in this study. Results are discussed in Section 3. A summary and conclusions can be found in Section 4.
Data description
205nm solar flux
As explained in the introduction, the solar input used in this study is the spectral irradiance at 205 nm (from both measurements and reconstructions). This wavelength is chosen because it is important for the ozone chemical budget throughout the stratosphere. It corresponds to a socalled window region that is positioned between two strong absorption bands: the SchumannRunge band of molecular oxygen and the Hartley band of ozone (Brasseur and Solomon, 2005 (Rottman et al., 1993) ) observations (for more information, see Lean et al. (1997) and Lean (2000) ). We use the NRL-SSI model to generate the time series of daily F205.
Tropical stratospheric ozone
The interest of this study is based on the use of two data sets of ozone over two different solar cycles which are measured by instruments using the same technique: the MLS instrument for both data series (MLS /Aura and MLS /UARS ozone data sets). The focus is on the tropics because the ozone response to solar variability is mostly driven by photochemistry in this region and thus easier to be interpreted. Time series of daily tropical ozone mixing ratios on UARS pressure levels are generated by averaging zonally all the MLS ozone profiles between 20°N and 20°S for a given day (24 hr).
MLS/UARS data (solar cycle 22)
The Microwave Limb Sounder (MLS) is one of the ten UARS instruments. The UARS satellite was launched on 12 September 1991, into a 57° inclination and a 585 km altitude orbit. Waters (1989 Waters ( , 1993 describe in detail the microwave limb-sounding technique. The ozone retrieval is based on 205 GHz radiances. The typical 1-σ precision for ozone mixing ratio measurements is 0.5 ppmv (about 20%) at 0.46 hPa, 0.3 ppmv (between 2 and 10%) at 1-4.6 hPa and 0.2 ppmv (about 2-3%) at 10-46 hPa. As shown in Hood and Zhou (1998) , an artificial 36-day periodicity, caused by the UARS yaw maneuver cycle (Froidevaux, 1994) , is present in zonally averaged MLS data. This periodicity is present at all latitudes and increases with increasing altitude. Hood and Zhou (1998) suggested to remove this artificial periodicity by considering only daytime measurement near a local time for zonal mean calculations.
However, the fraction of daytime measurements over a small range of local time is so low that this approach leads to much larger sampling errors and time gaps in the zonal averages. That is why Hood and Zhou (1998) used both night and day measurements, as in this study. It has to be mentioned that ozone diurnal variations do not generally exceed 5%, excepted at high latitudes (Sakazaki et al., 2013; Schanz et al., 2014 ). However, above 2 hPa, they become very substantial (Parrish et al., 2014) , increasing with altitude. Solar signals estimated from regression on ozone measurements at fixed local times (e.g. solar occultation measurements)
are not affected by diurnal variations. However, in the case of measurements taken at local times varying from day to day (e.g. MLS), the diurnal cycle can introduce spurious variations in the temporal evolution of the daily zonal mean, increasing the solar signal-to-noise ratio and thus making much less accurate the estimation of the solar signal. This effect depends on the relative amplitudes of the ozone diurnal and solar variations and on the spatio-temporal sampling of the measurements.
MLS/Aura data (solar cycle 23)
The Microwave Limb Sounder (MLS) is one of the four instruments on board the Aura satellite, which was launched on 15 July 2004 into a sun-synchronous near-polar orbit around 705 km in order to study atmospheric chemistry and dynamics. Aura MLS is an advanced successor to the MLS instrument on UARS. Detailed information on the microwave technique in general and the Aura MLS instrument in particular is given in Waters (1993) and Waters et al. (2006) . MLS observes a large suite of atmospheric parameters by measuring millimeterand submillimeter-wavelength thermal emission from Earth's limb with seven radiometers covering five broad spectral regions (118, 190, 240, 640 A secondary peak around 13.5 days is also visible for both periods; its power density is about an order of magnitude smaller than the 27-day peak. This periodicity is mostly caused by the presence on the Sun surface of two sunspots which rotate with the same period but are separated by about 180° in longitude (e.g. Bai, 2003; Zhang et al., 2007) . These findings are in agreement with previous results (Fioletov, 2009) . Using a range of solar proxies (Mg II, F10.7 cm, Lyman-α, F205), Fioletov (2009) found that the 27-day solar rotational modulation dominated the solar variability during the solar maxima and that it tended to be much stronger during the maxima of cycles 21 and 22 than during cycle 23.
Results and discussion
Analysis of raw data
To follow the temporal variations in the intensities of the spectral components, continuous wavelet transforms (CWT) are computed. The CWT is based on the Morlet wavelet (Torrence and Compo, 1998) (Lomb, 1976; Scargle, 1982) is better suited to the case of unequally sampled time series with gaps and provides the same spectral information as a Fourier transform. This normalized periodogram is based on fitting the data with harmonics series using least squares method. Figure 3 shows the Lomb-Scargle periodograms of MLS/UARS (1991-94 period) and MLS/Aura (2004-07 period) tropical ozone data at four different pressure levels (4.6 hPa, 3.2 hPa, 2.1 hPa and 1.5 hPa) in the upper stratosphere. Note that the raw ozone time series contained very few spurious values that have been filtered out by removing measurements that are outside the 2-σ range of the zonal average at each pressure level. The 4 left hand-side panels corresponding to the 1991-94 period indicate a prominent peak at about 35 days that is induced by the yaw-maneuver period of the MLS/UARS instrument as described previously (Froidevaux, 1994; Hood and Zhou, 1998) . There are small peaks in the 20-30 days range that correspond to the frequency domain of the solar rotational cycle. The solar rotational cycle is irregular; it peaks around 27 days but can cover a rather wide period range, typically between 20 and 35 days. The four right hand-side panels corresponding to the 2004-07 period also
show small peaks between 20 and 35 days but they are much weaker than for the 1991-94
period. There is a broad peak centered around 41 days which is certainly not due to the solar rotation. It has to be pointed out that none of the peaks within the 20-35 days range ( Figure 3) are statistically significant at the 95% confidence level (not shown). is present at all pressure levels. On both WTC panels, small areas of strong coherence can be found outside the 16-35 days period range, especially at shorter periods. Some is certainly related to the sub-harmonic period (about 13.5 days) of the main solar rotational periodicity.
However, they typically do not last more than a couple of months and hence could partly originate from random fluctuations. Coherence appears to be much weaker during the 2004-07 period. The most surprising is that the coherence waxes and wanes, without coinciding with time intervals during which the solar rotational forcing itself is strong. For instance, the F205 rotational periodicities are the most intense during 1992 (see Figure 2 .c) whereas the coherence appears to peak around these periodicities but at the end of 1993.
Analysis of filtered data
In order to focus on the spectral domain where the correlation between solar activity and ozone (centered around 27 days) is the highest, most previous studies considered data filtered in the frequency domain. Therefore, we apply a digital filter previously used (Hood, 1986; Chandra, 1986; Keating et al., 1987; Hood and Zhou, 1998; Zhou et al., 2000) . The filtering procedure consists of smoothing data with a 7-day running mean which removes short-term fluctuations. Linear trend and mean value are also removed from these smoothed time series.
Finally, a 35-day running mean is subtracted from the data, removing long-term fluctuations (e.g. seasonal, semi-annual, annual and QBO variations). The overall procedure is equivalent to a band-pass filter in the frequency domain. Others band-pass filters (Butterworth or Bessel)
could have been used but, in order to make our results as comparable as possible, we use the same digital filter as in previous studies. Tables 1 and 2 (Table 1 ) with a maximum of 0.29 at 4.6 hPa whereas they are about two times smaller for the 2004-07 period and even negative at 1.5
hPa. The correlation varies strongly, not only with altitude, but also from one year to another.
When calculated over 1-year intervals, it is positive during the 3 years at only 2 pressure levels (6.8 and 4.6 hPa) for both periods and, even on these levels, inter-annual variations are quite substantial. For example, for the 1991-94 period, it varies from 0.3 (first year) to 0.16 (third year) at 6.8 hPa and it varies from 0.21 (first year) to 0.42 (third year) at 4.6 hPa. On the other pressure levels (outside the 6.8-4.6 hPa range), there is at least a year out of three when the correlation is not statistically significant or even negative. Figure 8 .a is similar to that found in previous studies (Hood, 1986; Brasseur et al., 1987; Brasseur, 1993; Hood and Zhou, 1998 ) with a negative lag above 3-4 hPa (ozone leading the solar flux) and a positive lag below (ozone lagging the solar flux). Above 1.5 hPa (upper stratosphere-lower mesosphere), the cross-correlation does not exceed 0.1 and is not statistically significant; this result is consistent with Hood and Zhou results (1998) also obtained with MLS ozone data. However, using SBUV ozone data, Hood (1986) found correlation coefficients exceeding 0.5 above 1.5 hPa. Hood and Zhou (1998) attributed these cross-correlations differences in the upper stratosphere-lower mesosphere to the strong diurnal cycle of ozone there (Parrish et al., 2014) . Indeed, regression results from ozone measurements at fixed or very slowly varying local times (e.g. SBUV data used by Hood (1986)) are not expected to be affected by diurnal variations. However, in the case of measurements taken over a wide range of local times that vary from one day to another (e.g. 
MLS nighttime and daytime measurements
Analysis of inter-annual variations
Time-resolved power spectra (see Figure 6 ) and correlations coefficients calculated over 1-year intervals (Tables 1 and 2 ) indicate that the link between solar UV irradiance and ozone appears to be very intermittent. To investigate further the inter-annual variations, we repeat the cross-correlation/sensitivity analyses on 1-year intervals after having divided each period into three 1-year intervals, as done in Tables 1 and 2 To explore further the inter-annual variability in ozone sensitivity, sensitivity profiles are calculated over 24 1-year intervals (per 3-year period) obtained by shifting a 1-year sliding window by a month. Figure 11 shows the mean of the 24 sensitivity profiles and 2-sigma deviations for the two 3-year periods. Though sensitivity values are slightly weaker, the profiles of mean sensitivity are reasonably similar to the profiles calculated over the 3-year periods (see Figure 8) . As in Figure 8 , the mean sensitivity peaks between about 1 and 10 mb typically and are much smaller for the 2004-07 period than for 1991-94 period. The amplitude of the 2-sigma deviations shows that ozone sensitivities calculated over 1-year intervals can vary widely with very small sensitivities for some 1-year intervals and sensitivities even approaching 1 (between about 2 and 5 hPa) for other intervals.
Summary and concluding remarks
The purpose of the present observational study is to estimate the solar rotational signal in tropical stratospheric ozone and its inter-annual variability. Based on the availability of MLS stratospheric ozone data on-board the UARS satellite and AURA satellite, we consider two 3-year periods falling within the descending phases of two successive 11-year solar cycles, from 10/1991 to 09/1994 for cycle 22 and from 09/2004 to 08/2007 for the rather exceptional cycle 23. We choose the solar irradiance at 205 nm (F205), a key quantity in ozone photochemistry, and the daily F205 time series is generated from a well-established and widely used solar reconstruction model (Lean et al., 2005) . We have also tested other UV proxies, notably from period. The most unexpected feature is that the coherence waxes and wanes, without coinciding with time intervals during which the solar rotational forcing itself is strong. For instance, the solar 205 nm rotational periodicities are the most intense during 1992 (see Figure   2 .c) whereas the coherence appears to peak within these periodicities but at the end of 1993.
We also carry out the analysis with times series filtered in the frequency domain. Correlation coefficients calculated over the 3 years of filtered data are found be positive over the 10 to 1.5 hPa pressure range for the 1991-94 period with a maximum of 0.29 at 4.6 hPa whereas they are about two times smaller for the 2004-07 period and even negative at 1.5 hPa. Time lag tends to be negative above 3-4 hPa and positive below. This overall pattern is similar to that found in previous studies (Hood, 1986; Brasseur et al., 1987; Brasseur, 1993; Hood and Zhou, 1998 In order to explore to what extent correlation and sensitivity vary, not only with altitude, but also from one year to another, we calculate the correlation coefficients over 1-year intervals.
A 1-year interval should correspond to an average of about a dozen solar rotational cycles. amplitudes, notably around the maxima of 11-year cycles, ozone response and correlation are expected to be the largest. A part from a study by Hood and Zhou (1998) who analyzed MLS/UARS ozone data for the 1991-94 period, this tendency has been confirmed by several observational studies (Hood, 1986; Zhou et al., 2000; Fioletov, 2009 ). The same analysis was repeated for 24 1-year intervals (per 3-year period) obtained by shifting a 1-year sliding window by a month. Ozone sensitivity is found to be almost negligible for some 1-year intervals whereas it can even approach 1 between about 2 and 5 hPa for other intervals.
Obviously, the lack of correlation during some intervals should not be interpreted as an absence of influence of UV changes on ozone; it is more indicative of the presence of other sources of ozone variability that degrades the signal-to-noise ratio and hence the estimation of the solar rotational signal. It makes the correlation between ozone and solar UV radiation look somewhat intermittent. Our results suggest that one year of ozone data (covering on average 12 solar rotational cycles) is insufficient to extract a robust solar rotational signal because of other sources of ozone variability, even during periods of strong solar rotational activity (like during 1991). Even considering 3 years of observations (corresponding to about 40 solar cycles), we find the estimation of the rotational solar signal is not reliable during the declining phase of 11-year solar cycle. Finally, it is worth pointing out that observational studies estimating the 11-year solar cycle signal in stratospheric ozone time series have covered at best three 11-year solar cycles (Fioletov, 2009) . As stratospheric ozone is also influenced by decadal climate variability (Toumi et al., 2001) , it is not clear to what extent the estimation of the 11-year solar cycle signal is robust.
The relationship between ozone and the 27-day solar variability has also been studied with Chemistry Chemical Models (CCMs) (e.g. Williams et al., 2001; Rozanov et al., 2006; Austin et al., 2007; Gruzdev et al., 2009) seems to be a strong inter-annual variability in the ozone sensitivity, though not fully quantified. The inter-annual variability in the sensitivity was attributed to nonlinearities in the chemistry (Austin et al., 2007) or to the dynamical state of the background atmosphere (Gruzdev et al., 2009) . It is important to point out that the quantitative agreement between our study and some model results on the value of the peak ozone sensitivity might also be fortuitous. It only holds for cycle 22 and, even during this cycle, our observation-derived sensitivity varies widely from one year to another.
Finally, the differences between results from cycle 22 and cycle 23 could also be attributed to the fact that they do not cover exactly the same part of the descending phase of 11-year solar cycles (see Figure 1) . The 3 years of cycle 22 considered here are closer to the 11-year solar maximum (including even about 6 months of cycle 22 solar maximum), than the 3 years of cycle 23. As studies with CCMs are not constrained by the availability of ozone observations, several 11-year cycles might be required in order to investigate how the solar-ozone relationship on rotational timescales varies over and within several entire 11-year cycle (ascending phase, maximum and minimum phases) The current 11-year cycle (cycle 24) is intriguing. The amplitude of this cycle is even smaller than the previous three cycles, suggesting that it might even be more atypical than cycle 23. It would be interesting to study it and investigate whether the ozone response to solar rotational variability is also different. Figure 1 : Temporal evolution of daily 205 nm solar flux from NRLSSI model over solar cycles 22 (1985-1996) and 23 (1996-2008) . The two 3-year periods considered here (10/1991-09/1994 and 09/2004-08/2007 ) are highlighted in red. -Correlation is not found to bear any relation with solar rotational forcing -Strong inter-annual variability in solar rotational signal contained in ozone time series -Ozone response is stronger during the descending phase of cycle 22 than cycle 23 -Other sources of variability operate on the rotational spectral range
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